Introduction {#S0001}
============

Pancreatic cancer is one of the most malignant tumors of the digestive system, with extremely poor prognosis. The 5-year survival rate is less than 5%. More than 90% of pancreatic cancer is pathologically diagnosed as pancreatic ductal adenocarcinoma (PDAC). Although significant progress in surgery and medical treatment has been made in the past several years, the overall efficacy still remains unsatisfactory.[@CIT0001] Unclear causes, low early-diagnosis rate, and obscure mechanism of tumor development are currently the main challenges for the treatment of pancreatic cancer.[@CIT0002] In the new era of precision medicine, it is urgent to develop early diagnosis and individualized treatment strategy at the molecular level, improving the detection rate of high-risk groups and the prognosis of patients with pancreatic cancer.

MicroRNAs are a class of non-coding single-stranded RNA molecules of approximately 22 nucleotides in length, which play an extensive role in the gene expression network. The importance of miRNAs in tumor molecular biology has been demonstrated in multiple studies.[@CIT0003] Through regulating mRNA translation in a positive or negative way, miRNAs participate in various tumor biological behavior such as growth, invasion, metastasis, and angiogenesis.[@CIT0004] MicroRNA 934 has been reported as an oncogene in some literature. For instance, it has been found that in head and neck squamous cell cancer, treatment with ethanol and acetaldehyde leads to upregulation of miR-934, promotes tumor cell proliferation and induces overexpression of anti-apoptotic genes.[@CIT0005] In ovarian cancer, miR-934 served as an oncogene by directly targeting BRMS1L.[@CIT0006] Recent evidence also suggested that miR-934 targeting UBE2N could promote cell growth of bladder cancer by inhibiting CDK6 degradation.[@CIT0007]

The PROX1 encoding protein is a member of the homeobox transcription factor family and its function is mostly involved in lymphangiogenesis and angiogenesis.[@CIT0008] Multiple studies have shown a close relationship between PROX1 and tumors, but due to the complexity of the interaction between pathways, PROX1 may play a completely paradoxical role in tumors.[@CIT0009]--[@CIT0011]

Previous studies have found that PROX1 plays a role in the development of the exocrine pancreas[@CIT0012] and the secondary functional transition of pancreatic cells.[@CIT0013] Moreover, Drosos and his colleges constituted that PROX1 activity can reduce anchorage-independent growth and transformation, invasion in pancreatic cancer cells.[@CIT0012] Saukkonen showed that PROX1, mainly expressed in the cytoplasm of PDAC cells, could be used as an independent predictor of better prognosis of pancreatic cancer.[@CIT0014]

Materials and Methods {#S0002}
=====================

Patients and Samples {#S0002-S2001}
--------------------

The clinicopathological and follow-up data of miR-934 including 148 pancreatic cancer patients were downloaded from The Cancer Genome Atlas (TCGA) database. Expression data were derived from GSE85589, which contains 16 tumor tissues and 16 adjacent normal tissues. Besides, we collected 14 pancreatic cancer samples and 12 adjacent normal tissues from patients treated in our center. All patients involved in this study had read and signed written informed consent. The research protocol had been approved by the Ethics Committee of Shanghai Ruijin Hospital (No.17 in 2019). Related experiments involving human specimens were in strict accordance with the Ethics Committee of Human Experimentation and with the Declaration of Helsinki as revised in 2013.

Cell Culture {#S0002-S2002}
------------

Four cell lines, including normal human pancreatic ductal cell line HPNE and pancreatic tumor cell lines (Capan-1, BxPC-3 and Patu-8988) were obtained from the cell bank of Chinese Academy of Sciences. The cells were cultured in RPMI 1640, DMEM supplemented with 10% fetal bovine serum (FBS) and 100U/mL penicillin and 100U/mL streptomycin. All cells were incubated in a humidified air with 5% CO~2~ at 37°C.

Western Blot Assay {#S0002-S2003}
------------------

Different types of cells were lysed using RIPA buffer (Sigma-Aldrich; R0278). The obtained protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. It was then blocked with 5% skim milk for 1h and incubated with specific primary antibody overnight at 4°C. After incubation with an appropriate secondary antibody for 1 hour at room temperature, the target protein component separated by the electrophoresis could be detected by autoradiography.

RNA Extraction and Real-Time Quantitative PCR (qRT-PCR) {#S0002-S2004}
-------------------------------------------------------

Total RNA was isolated from cells using Trizol reagent according to standard protocols provided by the manufacturer and then was reverse transcribed into cDNA using the M-MLV reverse transcriptase kit (Invitrogen). GAPDH was used as internal control. The primer sequences used for the detection of miR-934 and GAPDH are presented as follows:

CCK-8 Assay {#S0002-S2005}
-----------

The cells were seeded at a density of 2000 per well into 96-well plates and cultured for 24 hours. Thereafter, 110μL of the complete culture solution containing 10μL of CCK-8 reagent was added to each well every 24 hours, and the mixture was incubated in a 37°C incubator for 2 hours. The absorbance at 450nm was measured using a microplate reader (Epoch; BioTek, Winooski, VT).

Colony Formation Assay {#S0002-S2006}
----------------------

The cells were seeded into a 6-well plate at a density of 1000 per well. After 2 weeks of incubation, the cells were stained with a 0.1% crystal violet solution, and the number of colonies was counted to evaluate the degree of cell proliferation. The images were obtained at ×100 magnification.

Wound Healing Assay {#S0002-S2007}
-------------------

Cells were seeded into 6-well plates and incubated overnight, and the next day, a wound of cell monolayer was created, then cultured in serum-free medium, and cells distance was estimated using Image J at different time points. The images were obtained at ×100 magnification.

Transwell Assay {#S0002-S2008}
---------------

The cells to be tested were cultured in serum-free medium for 24 hours, and then inoculated into an upper chamber containing 150μL of serum-free medium at a cell density of 50,000 per well. A complete medium containing 10% fetal calf serum was added to the lower chamber. Incubate for 24hours at 37°C in a 5% CO~2~ incubator and then stain with crystal violet. Five fields were randomly taken under the microscope to perform cell counting and statistical results.

Lentiviral Transduction {#S0002-S2009}
-----------------------

The transfection steps were performed according to the instructions provided by Ribobio Biotech (Shanghai, China) with riboFECT ™ CP Reagent. The transfection concentration of miR-934-mimic was 50nM, and the transfection concentration of miR-934-inhibitor was 200nM. The lentiviruses containing the miR-934 mimic and miR-934-inhibitor plasmid vectors were constructed and transfected into Patu-8988 and Capan-1 cell lines, respectively. The lentiviruses containing the miR-934 mimic and miR-934 plasmid vectors were separately constructed and transfected into 293 T cell line. In addition, the lentivirus containing the plasmid vector of the PROX1 gene was transfected into Patu-8988 cells to exogenously overexpress the PROX1 gene.

Dual-Luciferase Reporter Assay {#S0002-S2010}
------------------------------

StarBase software was used to predict the binding sites of the miR-934 and the 3ʹ-UTR region of PROX1 mRNA. The mRNA sequence was mutated to synthesize the wild type (Wt) and mutant (Mut) 3ʹ-UTR regions of PROX1. The 3ʹ-UTR regions of the wild-type and mutant PROX1 gene were ligated into the vector reporter gene to construct dual-﻿luciferase and transfected into 293T NC and miR-934-mimic cell lines, respectively. The luciferase activity was measured 48 hours after the plasmid was co-transfected.

Statistical Analysis {#S0002-S2011}
--------------------

All data were statistically analyzed and presented using SPSS20.0 and GraphPad Prism 5 software, and the data were expressed as mean ± standard deviation. Pearson χ2 was used to detect the correlation between miR-934 expression levels and clinical pathology data. Overall survival analysis was assessed using the Kaplan--Meier method. All experiments were performed at least three times. A value of P \< 0.05 was considered to be statistically significant.

Results {#S0003}
=======

The Expression Level of miR-934 Was Increased in PDAC Tissues and Cell Lines {#S0003-S2001}
----------------------------------------------------------------------------

To clarify the expression level of miR-934 in pancreatic cancer, we used Gene Expression Omnibusthe database (GSE85589), clinical specimens and cultured cells to measure the expression of miR-934. As is shown is ([Figure 1A](#F0001){ref-type="fig"}), using expression data from GES85589, we found that miR-934 was significantly upregulated in tumor tissue compared with normal tissue. The result was further confirmed using 12 normal samples and 14 tumor samples from our center ([Figure 1B](#F0001){ref-type="fig"}). Besides, the expression level of miR-934 was increased in pancreatic cancer cell lines compared with normal pancreatic ductal cell ([Figure 1C](#F0001){ref-type="fig"}). With respect to its prognostic value, Kaplan--Meier curve analysis showed pancreatic cancer patients with high expression of miR-934 had significantly reduced overall survival ([Figure 1D](#F0001){ref-type="fig"}).Figure 1miR-934 expression and prognostic potential in pancreatic cancer. (**A**) Relative miR-934 expression level in GSE85589 compared 16 tumor tissues with 16 normal tissues. (**B**) Relative miR-934 expression using 12 normal tissues and 14 tumor tissues collected from our center. (**C**) Relative miR-934 expression level in normal pancreatic ductal cell line (HPNE) and three pancreatic cancer cell lines (Patu-8988, BxPC-3 and Capan-1). (**D**) Kaplan--Meier curves divided by miR-934 expression using survival data of patients from TCGA database. \*P \< 0.05 was considered statistically significant.

Relationship Between miR-934 Expression Level and Clinicopathological Features of PDAC Patients {#S0003-S2002}
-----------------------------------------------------------------------------------------------

To determine the association between miR-934 expression levels and clinicopathological features, we screened 139 eligible pancreatic cancer patients from The Cancer Genome Atlas (TCGA) and downloaded their miRNA expression levels and clinical data packages for analysis. Patients included in the analysis were divided into miR-934 low expression group (n=69) and miR-934 high expression group (n=70) according to the expression level of miR-934. (Definition of cut-off value: the median value of the miR-934 level). As shown in [Table 1](#T0001){ref-type="table"}, high level of miR-934 expression is significantly associated with more advanced pathological stages (P = 0.030), while age, gender, TNM stage and R stage are irrelevant.Table 1The Correlation Between miR-934 Expression and Clinicopathological Features of Patients with Pancreatic CancerCharacteristicsn=139miR-934P valueLow ExpressionHigh ExpressionAge\<60 years41 (29.5%)19 (46.3%)22 (53.7%)0.615≥60 years98 (70.5%)50 (51.0%)48 (49.0%)GenderMale63 (45.3%)32 (50.8%)31 (49.2%)0.804Female76 (54.7%)37 (48.7%)39 (51.3%)Pathologic StageI+II131 (94.2%)68 (51.9%)63 (48.1%)0.030III+IV8 (5.8%)1 (12.5%)7 (87.5%)T StageT1+T221 (15.1%)11 (52.4%)10 (47.6%)0.785T3+T4118 (84.9%)58 (49.2%)60 (50.8%)N StageN037 (26.6%)17 (45.9%)20 (54.1%)0.814N159 (42.4%)31 (52.5%)28 (47.5%)N243 (31.0%)21 (48.8%)22 (51.2%)M StageM066 (47.5%)31 (47.0%)35 (53.0%)0.277M15 (3.6%)1 (20.0%)4 (80.0%)Mx68 (48.9%)37 (54.4%)31 (45.6%)R StageR083 (59.6%)44 (53.0%)39 (47.0%)0.641R150 (36.0%)22 (44.0%)28 (56.0%)R23 (2.2%)2 (66.7%)1 (33.3%)Rx3 (2.2%)1 (33.3%)2 (66.7%)

Relationship Between miR-934 Expression Level and Prognosis of PDAC Patients {#S0003-S2003}
----------------------------------------------------------------------------

In order to determine whether miR-934 could serve as a prognostic marker, we generated the Kaplan--Meier curve using survival data of patients from the TCGA database. The results showed that patients with higher expression of miR-934 had significantly reduced overall survival rate (P= 0.047, [Figure 1D](#F0001){ref-type="fig"}). In addition, the Cox regression model was used for univariate and multivariate analysis to identify prognostic factors associated with pancreatic cancer. As is shown in [Table 2](#T0002){ref-type="table"}, univariate analysis showed that the N stage (P=0.002), the R stage (P=0.034) and the expression of miR-934 (P=0.015) were significantly associated with the prognosis of patients with pancreatic cancer, while multivariate analysis showed that the N stage (P=0.003) and the expression of miR-934 (P=0.031) were independent predictors of prognosis for patients with pancreatic cancer.Table 2Univariate and Multivariate Analyses of Clinicopathological Parameters of Patients with Pancreatic Cancer in TCGA Database by Cox-RegressionCharacteristicsUnivariate AnalysisMultivariate AnalysisP valueHR95% CIP valueHR95% CIN stage0.0021.6351.201--2.2250.0031.6031.169--2.199R stage0.0341.4181.027--1.9570.0891.3360.957--1.864Expression of miR-9340.0151.5831.179--2.130.0311.5341.152--2.785[^2]

miR-934 Enhanced the Proliferation Capacity of PDAC Cells {#S0003-S2004}
---------------------------------------------------------

To investigate the effect of miR-934 on the proliferation of pancreatic cancer cells, we established two cell models using Patu-8988 and Capan-1 that stably expressing or silencing miR-934. The transfection efficiency was examined by qRT-PCR ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). CCK8 assay demonstrated that pancreatic cancer cells with increased miR-934 expression level exhibited significantly enhanced proliferation capacity ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Moreover, upregulated miR-934 could significantly promote colony formation of pancreatic cancer cell ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}).Figure 2miR-934 enhanced cell proliferation of pancreatic cancer. (**A, B**) Lentiviral transfection efficiency in Patu-8988 and Capan-1 cell lines determined by qRT-PCR. (**C, D**) The cell viability of different miR-934 expression levels was examined by CCK-8 assay. (**E, F**) Left panel: colony formation assay for detecting cellular proliferation capacity corresponding to different miR-934 expression levels. Right panel: the colony number was quantified by imageJ. \*P \< 0.05, \*\*P \< 0.01.

miR-934 Promoted the Migration Ability of PDAC Cells {#S0003-S2005}
----------------------------------------------------

To discover the effect of miR-934 on the migration ability of pancreatic cancer cells, we performed wound healing assay. It was found that miR-934 overexpression could increase the ability of cell migration. Conversely, cells with suppressed expression of miR-934 showed reduced migration ability ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). Similarly, transwell assays also showed that the migration ability of pancreatic cancer cells was positively related to the expression level of miR-934. After quantitative analysis, the results were statistically significant between miR-934 mimic or inhibitor group and their control groups ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}).Figure 3miR-934 promoted cell migration of pancreatic cancer. (**A, B**) Left panel: wound healing assay to measure the migration ability of Patu-8988 and Capan-1 cells transfected with miR-934 mimic and miR-934-inhibitor, respectively. Right panel: the migration distance was quantified by imageJ. (**C, D**) Left panel: transwell assay to detect migration ability of Patu-8988 and Capan-1 cells transfected with miR-934 mimic and miR-934-inhibitor﻿, respectively. Right panel: the migrated cells were quantified by imageJ. \*P\< 0.05, \*\*P\< 0.01.

miR-934 Directly Targeted and Inhibited PROX1 Expression {#S0003-S2006}
--------------------------------------------------------

To investigate the molecular mechanism by which miR-934 promoted growth and metastasis of pancreatic cancer cells, we predicted the potential target of miR-934 using TargetScan. The potential targets were then subjected to correlation analysis performed by starBase 3.0 using expression data from TCGA. We found that PROX1 was a potential target and negatively associated with the expression of miR-934 ([Figure 4A](#F0004){ref-type="fig"}). To further validate the results, we performed Western blot and qRT-PCR using cells overexpressing or silencing miR-934. As is shown in [Figure 4B](#F0004){ref-type="fig"}, the protein expression level of PROX1 was negatively related to miR-934 expression level. The gray level was quantified using imageJ ([Figure 4C](#F0004){ref-type="fig"}). Similarly, the PROX1 mRNA level was also reversely associated with miR-934 expression level ([Figure 4D](#F0004){ref-type="fig"}). To discover the regulatory mechanism between miR-934 and PROX1, we obtained the potential binding target from TargetScan ([Figure 4E](#F0004){ref-type="fig"}) and performed dual-luciferase reporter assay. The results showed that 293T cells transfected with wild-type PROX1 and miR-934 mimics exhibited significantly attenuated luciferase activity compared with cells with wild-type PROX1 and miR-934-nc, while transfected with mutant PROX1 vector and miR-934 mimics showed no significant change ([Figure 4F](#F0004){ref-type="fig"}).Figure 4miR-934 directly targeted and inhibited PROX1 expression. (**A**) The correlation analysis between miR-934 and PROX1 performed using expression data from the TCGA database. (**B**) Western blot analysis  used to detect the expression of PROX1 in different miR-934 expression cell lines. GAPDH was used as an internal control. (**C**) The relative gray level of Western blot was quantified and analyzed. (**D**) PROX1 mRNA expression level in cells transfected with miR-934 mimics or inhibitor was measured by qRT-PCR. (**E**) Potential binding targets of miR-934 to PROX1 predicted by the targetScan database. (**F**) Dual-luciferase reporter assay  used to verify the direct binding of miR-934 to PROX1. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001, ns: not significant.

PROX1 Is Necessary for miR-934 to Exert Its Oncogenic Function {#S0003-S2007}
--------------------------------------------------------------

To verify whether miR-934 regulates cell proliferation and metastasis through PROX1, we performed rescue assay. Three cell models using Patu-8988 were established: patu-8988 transfected with miR-934-nc, patu-8988 with miR-934 mimics and Patu-8988 with miR-934 mimics and PROX1 overexpression plasmid. The transfection efficiency was detected by Western blot and qRT-PCR ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}). PROX1 re-overexpression could reverse the enhanced cell proliferation and migration induced by miR-934 overexpression measured by CCK8 and colony formation assay ([Figure 5D](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}). Similarly, the wound healing and transwell assays showed that increased cell migration caused by miR-934 was also reversed by upregulated PROX1 ([Figure 5F](#F0005){ref-type="fig"} and [G](#F0005){ref-type="fig"}).Figure 5PROX1 is necessary for miR-934 to exert its oncogenic function. (**A**) Western blot used to detect the transfection efficiency in Patu-8988 cells with miR-934-nc, miR-934-mimics and miR-934-mimics+PROX1 plasmid. (**B**) The gray level was quantified by imageJ. (**C**) Transfection efficiency measured by qRT-PCR. (**D**) CCK8 assay used to detect cell viability of pancreatic cancer cell in miR-934-nc, miR-934-mimics and miR-934-mimics+PROX1 group. (**E**) Left panel: colony formation assay to detect cell proliferation capacity. Right panel: the colony number was quantified using imageJ. (**F, G**) Left panel: wounding healing and transwell assays to determine the migration ability of pancreatic cancer in miR-934-nc, miR-934-mimics and miR-934-mimics+PROX1 group. Right panel: the migration rate and migrated cell number were quantified and analyzed by imageJ. \*P \< 0.05, \*\*P \< 0.01.

Discussion {#S0004}
==========

MicroRNA research in pancreatic cancer has been involved in all aspects, and its importance has been self-evident.[@CIT0015] For example, Gregory and his colleagues found that all members of the microRNA-200 family (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) and miR-205 significantly down-regulated TGF-β or ectopic expression of the protein tyrosine phosphatase Pez in cells undergoing EMT transformation. Mandatory expression of only the miR-200 family is sufficient to prevent TGF-β induced EMT.[@CIT0016] Moreover, microRNA is also a novel tumor marker in clinical applications. In pancreatic cancer, several studies have demonstrated its role in diagnosis, prognosis, and as a potential therapeutic target.[@CIT0017] Besides, due to its relative stability of miRNAs and easy extraction of miRNAs in body fluids such as plasma, it has become a novel biomarker for non-invasive detection of cancer.[@CIT0018] Although there are few studies on miR-934 in the field of tumors, it has been proved to play a role in the development of various tumors. In addition to the aforementioned studies in head and neck squamous cell carcinoma and ovarian cancer, the following studies also prove this point. Study in bladder cancer showed miR-934 down-regulated UBE2N protein expression by binding to 3ʹ-UTR of ubiquitin-conjugating enzyme 2N (UBE2N) mRNA, thereby inhibiting UBE2N-dependent degradation of CDK6 cyclin and promoting bladder cancer cell growth.[@CIT0007] Recent studies have found that there are multiple microRNA expression differences in lung adenocarcinoma patients with EGFR exon 19 deletion compare with wild-type EGFR patients. The expression of miR-934 is up-regulated, especially in triple-negative invasive ductal carcinoma, but the mechanism remains to be studied.[@CIT0019] Study by Castilla et al showed that the synergistic expression of VGLL1 and miR-934 may affect the luminal progenitor phenotype through partly regulation of ESR1.[@CIT0020] In this study, our results indicate that miR-934 is upregulated in pancreatic cancer tissue compared with normal tissue and multiple cell lines of pancreatic cancer. Furthermore, it was confirmed by in vitro assays that miR-934 was positively correlated with pancreatic cancer cell proliferation, and migration. Combined with the TCGA database and clinical samples, miR-934 overexpression is also found to be a potential biomarker of poor prognosis in patients.

The PROX1 gene plays an important role in embryonic development in normal individuals, and its mechanism of action in tumor development and progression has been extensively studied. It is noteworthy that it plays this completely opposite role in different types of tumors, and the mechanisms of cancer suppression and carcinogenesis involved are not fully understood. Among the digestive tract tumors, the current thorough research on PROX1 is in colorectal cancer and liver cancer. Interestingly, the development of PROX1 in both tumors seems to play a completely opposite role.[@CIT0021] PROX1 has been identified as a downstream target of the APC/β-catenin/TCF pathway in colorectal cancer. Through the aberrant activation of this pathway, PROX1 is often up-regulated, which promotes the progression of colorectal cancer.[@CIT0022] In HCC cells, the expression of Prox1 is not regulated by β-catenin, and clinical data indicate that high expression of Prox1 is associated with a good prognosis in patients.[@CIT0023] In addition, studies have shown that Prox1 can inhibit the development of HCC by down-regulating Twist expression and decreasing promoter activity to induce a p53-dependent senescence-like phenotype.[@CIT0024] Saukkonen et al showed that the β-catenin-PROX1 pathway was inhibited in pancreatic cancer, while the expression of high β-catenin predicted a better prognosis.[@CIT0014] Our study supports the conclusion that PROX1 plays a tumor suppressor role in pancreatic cancer, and the expression of miR-934 is negatively correlated with PROX1. The role of miR-934 and PROX1 in pancreatic cancer still needs to be further studied and understanding its related mechanisms may provide us more options for designing new anti-pancreatic cancer therapies.

Conclusion {#S0005}
==========

In summary, our study demonstrated that miR-934 could serve as a prognostic marker and promoted cell growth and metastasis of pancreatic cancer by inhibiting the expression of PROX1. To our knowledge, this is the first report to link miR-934 and PROX1 to explain the mechanism of pancreatic cancer development. Our study leads to the possibility of application of miR-934 and PROX1 in the clinical work of pancreatic cancer.
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